ABSTRACT The M and S components of virginiamycin (VM and VS) inhibit protein synthesis in bacteria-reversibly when a single component is present and irreversibly when both are preseut. In cell-free systems, each factor binds to the large ribosomal subunit, and the affinity of ribosomes for VS is enhanced in the presence of VM. The present work shows that the action of VM (a 500-dalton modified depsipeptide) in vivo and in vitro persists upon its removal. The in vivo demonstration is based on the loss of viability of uninfected bacteria, and on the irreversible inactivation of virus-infected cells, that are caused by a sequential incubation with VM and VS (the inhibitory action of either component alone is reversible). In vitro, the binding of labeled VM to ribosomes, followed by its detachment, yields particles unable to perform poly(U)directed polyphenylalanine synthesis. Also, the association constant for the binding of VS to these particles is equal to that of particles incubated with a mixture of VM and VS. Our findings indicate that VM action is catalytic rather than stoichiometric, and suggest the occurrence of two states of the large ribosomal subunit, a situation leading to a complex equilibrium with multiple transitional steps in the presence of virginiamycin.
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Antibiotics of the virginiamycin family contain two types of synergistic components (1) (2) (3) . Components VM and VS alone have a bacteriostatic action (reversible inhibition of protein synthesis), whereas their mixture is bactericidal (peptide bond formation is blocked irreversibly) (1, 4, 5) . In cell-free systems from prokaryotes, VM (a modified depsipeptide of about 500 daltons) inhibits both the elongation factor Tu-dependent binding of aminoacyl-tRNA to the ribosomal A site and the peptidyltransferase-directed formation of aminoacylpuromycin from aminoacyl-tRNA at the P site (6, 7) .
Binding reactions of VM and VS to the 50S ribosomal subunits are monomolecular (8) (9) (10) (11) (12) (13) , and the corresponding association constants are 0.32 X 106 M-1 and 2.5 X 106 M-1, respectively (10) (11) (12) . The overall transition from 50S subunit to VS-50S-VM particles could be envisaged as the result of intermediate reactions that are regulated by association constants linked by the equivalence KjK2 = K3K4. This equivalence, however, was not confirmed experimentally, because the association constant of the VS-binding reaction was found to be increased by a factor of about 10 in the presence of VM (12) . The apparent discrepancy could be accounted for by postulating a more complex equilibrium, owing to an alteration of the 50S subunit caused by VM and persisting after VM removal. The aim of the present work is to test this hypothesis. Indeed, it will be shown by several in vivo and in vitro experiments carried out with unrelated systems that the functional alterations of ribosomes occur and persist after detachment of bound VM.
MATERIALS AND METHODS
Microorganisnps and Viruses. Escherichia coli A19 was used as source of ribosomes and cytosol for cell-free experiments. In vivo work was carried out with the MISI mutant of Bacillus subtllis 168/2, which is highly sensitive to VM and VS (2) and is also the host for phage 2C. The genome of this virus is a molecule of double-stranded DNA, which contains hydroxymethyliracil in place of thymine and can be selectively labeled with [3H]uracil during the viral cycle (14) .
Bacterial Fractions. Exponentially growing E. coil cells were collected and disrupted by compression in a French pressure cell. After removal of cell debris at 30,000 X g, ribosomes were sedimented at 100,000 X g for 1 hr and resuspended in washing buffer (10 mM magnesium acetate/50 mM NH4Cl/6 mM 2-mercaptoethanol/50 mM Tris-HCl, pH 7.6), and the final supernatant (S100) was used as source of elongation enzymes and tRNA (15) . Washed ribosomes were prepared by'raising the NH4Cl concentration to 1 M; after incubation for 14 hr at 40C, samples were cleared by low-speed centrifugation, repelleted at 100,000 X g, and dialyzed against washing buffer at 40C.
Preparation and Analysis of Virginiamycin Components. From purified virginiamycin preparations, components VM and VS were separated by thin-layer chromatography and estimated by spectrophotometric measurements (VM at 270 nm and VS at 350 nm) (2) . In addition, VM can be evaluated colorimetrically with the Ehrlich reagent, and VS spectrofluorimetrically (excitation wavelength 330 nm) (10) . 3H-Labeled VM was obtained by catalytic gas exchange. Structure, preparation, and estimation of these compounds are described in a recent review article (2) .
Peptide-Bond Formation in Cell-Free Systems. Composition of the reaction mixture for polyphenylalanine formation was: 12 (which is unfeasible by ultracentrifugation, gel filtration, or equilibrium dialysis), was carried out by using two recently described procedures: (i) Norit (activated charcoal) selectively adsorbs unbound VM and can be separated by low-speed centrifugation from the fraction attached to particles (11) ; and (ii) interaction of VS with ribosomes causes a shift of the VS peak of fluorescence and an increase of fluorescence intensity at 416 nm (AI416) that is proportional to the amount of bound drug (12) .
RESULTS

Inhibition of Protein Synthesis and Loss of Viability in
Bacteria Incubated Sequentially with Virginiamycin Components. Exponentially multiplying bacteria were incubated with VM (first step), filtered, washed, and transferred to medium containing VS (second step), and then to antibiotic-free medium (third step). Controls with and without single antibiotics, and references with a mixture of VM plus VS, were included. During the third step, incorporation of "4C-labeled amino acids into a hot trichloroacetic acid-insoluble fraction was traced, and colony-forming capacity was determined. While incubation with single virginiamycin components produced no loss of viability, a sharp decrease of colony-forming capacity occurred in bacteria incubated sequentially with VM and VS (Fig. 1A) . In the latter case, there was, in fact, a complete and persistent inhibition of protein synthesis, an effect comparable to that observed in bacteria incubated with a mixture of VM plus VS (Fig. 1B) of VM) (Fig. 2 A and B) ; a 3-fold increase (0.56 nmol) was observed with particles simultaneously incubated with VM and VS, in spite of the detachment of VM upon chromatography (Fig. 2C) . This result, which was confirmed by dialysis and ultracentrifugation experiments, shows that VM increases the stability of the VS-ribosome complex and that this effect persists after VM detachment. 10 ,ug/ml, when indicated. Cells were harvested and washed after each step.
Step 3: 60-min incubation in antibiotic-free medium. Polypeptide Synthesis by Ribosomes After Short Contact with VM. Ribosomes from E. coil were incubated for 30 min with labeled VM, freed from most of the drug by exclusion column chromatography (although the amount is quite low, residual VM bound to 70S ribosomes is always higher than that remaining attached to subunits) (compare Figs. 3 and 4) , and used in a cell-free system for protein synthesis. As shown in Fig.  3 , inhibition of peptide bond formation persisted after removal of bound VM. Note that the maximal amount of VM per ribosome is 1 molecule (ref. 11), whereas this ratio is 0.08 in Fig. 3 .
In Vitro -Binding of VS to Ribosomes Transiently Incubated with VM. The 50S ribosomal subunits of E. colh were incubated with VM and then submitted to exhaustive dialysis to remove the antibiotic. Portions of this sample and of the controls were incubated with increasing amounts of VS, and the amount of bound drug was determined spectrofluorimetrically (Al416) (12) . As shown in Fig. 4 , the VS-binding curve obtained with ribosomes from which bound VM was removed overlapped that of particles incubated with a mixture of VM and VS. The association constants calculated from these data were also comparable (1.6 X 107 M-1 and 1.5 X 107 M-1, re- after chromatography. This ribosome preparation (*) along with a control (O = no VM) was used for poly(U)-directed polyphenylalanine synthesis in an E. coli cell-free system. A sample containing VM at 10 Mg/ml in the reaction mixture (A) was used as reference, and a sample without poly(U) (3) was included as blank. spectively). In the sample in which 50S subunits were incubated with VS and VM, a saturating amount of VS remained bound to the 50S subunits after dialysis. These particles already contained the plateau level of bound VS, which remained unchanged when the VS concentration was raised (Fig. 4) .
Catalytic Nature of VM Action on 50S Ribosomal Subunits. VM VM concentrations were tested for their ability to increase the affinity of ribosomes for VS (by fluorimetric determination). As shown in Table 2 is ruled out by the low value of the association constant for VM (Ka = 0.32 X 106 M-1) (8, 10, 11). In addition, data from this work and previous publications (11) (12) (13) show that VM can be readily detached by ultracentrifugation, dialysis, exclusion chromatography, and filtration (cf. Fig. 2 , for example). The in vitro experiments related in the last three sections of this work indeed indicate that ribosomes to which VM was transiently bound were functionally altered (protein synthesis and VS binding). We have previously (12) reported that the in vitro attachment of VM to ribosomes enhances their affinity for VS more than 6-fold. Data in Fig. 2 , which show an increased stability of the 50S-VS complex formed in the presence of VM, not only confirm this finding but also prove that this effect remains after VM removal. Likewise, the increase in VS binding to 50S subunits is not dependent on the actual presence of VM but only on previous interaction of particles with VM (Fig. 4) .
Action of VM on ribosomes could be either stoiclhiometric or catalytic. The latter possibility is suggested by data summarized in Table 2 (cf. also Figs. 2 and 3) , which show no correlation between concentration of VM and its activity at the ribosome level. Also, the control experiment described in the last section of Results indicates that VM that detaches from ribosomes is still able to alter other ribosomal subunits. The persistence of VM action after its detachment could be due to the production of either chemical or conformational changes in the ribosomes. It can be recalled, in this connection, that in cells treated with VM there is an accumulation of pressure-labile "60S" particles, which, unlike the usual 70S ribosomes, dissociate when submitted to high gravitational fields (15) .
Catalytic inactivation of ribosomes by VM bears some resemblance to that produced by colicin ES. The latter inhibitor irreversibly inactivates 30S subunits in vivo and in vitro, through the cleavage of an oligonucleotide fragment from the 3' end of 16S rRNA (16) (17) (18) . Main differences are: the targets (large ribosomal subunits for VM, small subunits for ES), the reversibility of VM action in vivo (ES is lethal), and the nature of the two inhibitors (E3 is a 60,000-dalton protein, whereas VM is a 500-dalton modified depsipeptide).
As pointed out in the Introduction, a simple equilibrium expression does not account for the increase of the association constant of VS caused by VM (15 X 106 M-' in the presence of VM; as compared to 2.5 X 106 M-1 in its absence) (12) . Results described in the present publication suggest that a transient contact of 50S subunits with VM produces modified particles (50S*) that have an increased binding constant (K*) for VS, whether VM remains attached or detaches. In the equivalence Microbiology: Parfait and Cocito 
